Abstract Bermuda grass is an attractive candidate as a feedstock for biofuel production because over four million hectares of Bermuda grass are already grown for forage in the Southern USA. Because both rumen digestion and biochemical conversion to ethanol depend upon enzymatic conversion of the cell wall polysaccharides into fermentable sugars, it is probable that grasses bred for increased forage quality would be more amenable for ethanol production. However, it is not known how variation in rumen digestibility and cell wall/fiber components correlates with efficiency of conversion to ethanol via fermentation. The objective of this research was to determine relationships between ethanol production evaluated by simultaneous saccharification and fermentation (SSF), 72-h in vitro ruminal dry matter digestibility (IVDMD), in vitro ruminal gas production after 24 and 96 h, and biomass composition for 50 genetically diverse Bermuda grass accessions. The Bermuda grass samples were subjected to standard 72-h IVDMD and forage fiber analyses. Also, in separate labs, gas production was measured in sealed volumecalibrated vials after 24 (NNG24) and 96 h (NNG96) of in vitro fermentation by ruminal fluid; ethanol and pentose sugar productions were measured from a bench-top SSF procedure; cell wall constituents were determined by the Uppsala Dietary Fiber Method; and total nitrogen, carbon, and ash concentrations were determined by using the LECO combustion method. Ethanol production was moderately correlated with IVDMD (r=0.55) and NNG96 (r=0.63) but highly correlated with NNG24 (r=0.93). Ethanol was negatively correlated with neutral detergent fiber (NDF; r=−0.53) and pentose sugars (r=−0.60), but not correlated with glucose content. Regression models indicated that NDF and cell wall pentose sugar concentrations had significant negative effects on ethanol production. Variation among entries for IVDMD was affected by variability of NDF, pentose sugar concentrations, and biomass nitrogen content. Variation in Klason lignin content had only minor negative impacts on ethanol production and IVDMD. Biochemical conversion efficiency of Bermuda grass by SSF can be best estimated by NNG24 but not by IVDMD.
Introduction
Most fuel ethanol used in the USA is currently produced from corn at biorefineries located in the Midwest, but further expansion of biofuel production is expected to come from lignocellulose feedstocks [33] . Bermuda grass is one potential feedstock because it is currently grown on four to five million hectares throughout the South [5] where it is used for livestock feed (grazing and hay). Growers have vast experience in the production and transport of Bermuda grass. Although the primary use of Bermuda grass has been for animal feed, improved varieties and cultural practices have increased productivity [15] , making this crop an attractive source of biomass for cellulosic conversion to biofuel.
Forage grasses have been bred for high biomass yields and better forage quality (digestibility or biodegradability). Lignocellulose of grasses varies from that of other plant types (e.g., woody tissue, dicotyledonous plants) in having high concentrations of p-coumaric and ferulic acids [21] . These hydroxycinnamic acids occur in both ester-and ether-linked structures [34] . Lignin in grass cell walls is recalcitrant to biodegradation [3, 4] .
Improved biodegradability is conferred through lower lignin content and altered lignocellulose characteristics, which might also improve its quality for use as a feedstock in biofuel production [7] . The Bermuda grass cultivars "Coastcross 1" [14] and "Tifton 85" [15] were developed for improved 96-h in vitro dry matter digestibility (IVDMD). There is evidence that the improved digestibility of these two cultivars is controlled by different mechanisms [7] . Bermuda grass, in general, compares favorably with other potential biomass feedstock grasses in its conversion potential to ethanol [8, 12] . However, research is needed to determine how variation in ruminal digestibility and chemical composition correlate with efficiency of conversion to ethanol via fermentation. These correlations are of interest because of the extensive database that has been developed on Bermuda grass forage quality traits for various cultivars. Previously, an in vitro gas production procedure from ruminal fluids was found to be correlated with ethanol produced from bench-scale simultaneous saccharification and fermentation (SSF) [40] . A recent study by Lorenz et al. [28] found that variation in ethanol yield of corn stover was highly correlated with ruminal digestibility and lignin content. However, they did not find a correlation between glucan concentration and ethanol yield.
A plant introduction population of approximately 600 lines is preserved in a nursery in Tifton, GA, USA. The ploidy levels of these accessions range from 2n=2×=18 to 2n= 6× =54. A forage Bermuda grass core collection consisting of 168 plant introductions from the entire work collection [5] was analyzed for IVDMD, neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) during the summer of 2005. There was significant variation among entries for IVDMD (48.3% to 71.0%), NDF (64.3% to 77.3%), ADF (24.1% to 34.5%), and ADL (3.3% to 9.9%) [6] . IVDMD was negatively correlated with NDF (r=−0.86) and ADF (r=−0.58). There was no correlation of ADL with other traits.
It is of major interest to determine the relationships of digestibility and composition with chemical and enzymatic conversion processes and ultimately with ethanol production from plant material. The objective of this study was to determine relationships between in vitro rumen digestibility and gas production, cell wall components, total nitrogen and ash content with ethanol production, and pentose release by dilute acid pretreatment and SSF for 50 of these genetically diverse Bermuda grass accessions. The primary hypothesis was that there is a strong correlation between ethanol production and ruminal digestibility, due to the fact that many of the enzymes used by ruminal microbes to degrade forage are similar to those used in industrial conversion of lignocellulosic feedstock to ethanol. Thus, there should be a direct relationship between IVDMD and ethanol production. The dilute acid pretreatment has been the traditional pretreatment and is still used for comparisons of biomass feedstocks by the Department of Energy at the National Renewable Energy Laboratory [1] . This low-severity pretreatment was also chosen to magnify structural as opposed to compositional differences among the samples.
Methods and Materials

Bermuda Grass Genotype Comparison
Bermuda grass genotypes evaluated for this study were selected from a forage Bermuda grass core collection [5] based on high and low IVDMD, NDF, and ADF [6] . Fifty entries with the widest range in rumen digestibility and fiber were selected for the current study ( Table 1 ). The Table 1 Bermuda grass entries and their ranking for high (H), medium (M), or low (L) levels of IVDMD, NDF, ADF, ADL from previous screening, leaf/stem coarseness, and genetic clustering from breeder plots and the Bermuda grass core collection grown at Tifton, GA, USA in 2004
molecular genetic relationship between these entries was documented using amplified fragment-length polymorphisms (AFLP) [10] . IVDMD was ranked high (>62%), medium (55-62%), or low (<55%). NDF content was ranked high (>70%), medium (68-70%), or low (<68%). ADF content was ranked high (>30%), medium (28-30%), or low (<28%). ADL content was ranked high (>6.0%), medium (4.5-6.0%), or low (<4.5%). Bermuda grass nursery plots (1 m 2 ) were mowed to approximately 10 cm on 19 July 2006. After 5-week regrowth (25 August 2006), three samples (50 g) from each plot of the core nursery at Tifton, GA, USA were hand-harvested. Five weeks is the normal recommended interval for optimal hay yield and is prior to development of inflorescences. None of the accessions were considered fully mature at 5 weeks, and this harvest interval was considered appropriate for comparing and maximizing differences. Though Bermuda grass could be harvested at intervals greater than 5 weeks, current hay practices would be continued to allow grower flexibility in marketing between hay for forage or biofuel feedstocks. Samples were bulked together, dried, and ground to 1-mm particle size with a Wiley mill for analyses for consistent comparisons. Dry matter (DM) concentration was determined on a subsample that was not used for other analyses by heating in a forced-air oven for 24 h at 105°C. Each sample was analyzed in triplicate.
Digestibility (IVDMD) and Detergent Fiber Analyses
Triplicate ground samples (0.5 g) from each of the 50 entries were subjected to IVDMD as described by Tilley and Terry [36] and modified by Marten and Barnes [30] . Ruminal contents were collected from two fistulated cows fed Coastal Bermuda grass hay and then digesta were squeezed through three layers of cheese cloth into an insulated cooler constantly purged with CO 2 . For each ruminal fluid batch, buffer solution (1,600 ml) was added to ruminal fluid (400 ml) and mixed with continuous CO 2 purging. Samples were digested in 50 ml of the ruminal fluid/buffer inoculum for 48 h after which acid pepsin was added and incubated for another 48 h at 39°C. Samples were then filtered, washed, dried, and weighed as described by Tilley and Terry [36] . NDF, ADF, and ADL were determined sequentially [37] using the Ankom filter bag (Ankom Technology Corp., Fairport, NY, USA) method [38] and sulfuric acid for ADL determination. Hemicellulose was estimated as NDF minus ADF and cellulose as ADF minus ADL. Cellulose, hemicellulose, and ADL were converted to the percentage of NDF.
Saccharification and Fermentation after Dilute Acid Hydrolysis (SSF)
Each of the 50 Bermuda grass entries was pretreated with dilute acid, and the carbohydrates were converted to ethanol using an SSF scheme; each sample was evaluated in triplicate as described in Anderson et al. [9] . Two samples of midmaturity switchgrass (MPV-2) were used as internal checks [17] . Dry weights were determined after drying at 105ºC for 24 h. Samples (1.5 g, dry basis) were mixed in 25-ml Corning bottles with 1.75% w/v sulfuric acid (8.5 ml) and treated at 121ºC for 1 h. Bottles were then cooled to room temperature and neutralized by adding 1.2 ml sterile 10% w/v Ca(OH) 2 solution; Ca(OH) 2 was kept in suspension during additions by stirring; and 0.55 ml of sodium citrate buffer was added (1 M, pH=4.5). Further nutrients were supplied by adding 1.1 ml 10× yeast-peptone (200 g/l peptone, 100 g/l yeast extract). Enzyme loadings consisted of 5 FPU Genencor GC220 cellulase per gram biomass and 12 units Novozyme 188 cellobiose (β-glucosidase) per gram biomass. The bottles were finally inoculated with Saccharomyces cerevisiae D5A. The inoculum was prepared by transferring the yeast from a glycerol culture stored at −80ºC to a YPD plate (10 g/l yeast extract, 20 g/l peptone, 20 g/l glucose, and 20 g/l agar to solidify), incubating it at 30°C overnight. A single colony was used to inoculate 10 ml YPD, which was mixed at 200 rpm and incubated at 35ºC for 18 h. This culture was in turn used to inoculate a 25 ml YPD broth supplemented with 
a IVDMD ranked high (>62%), medium (55-62%), or low (<55%); NDF content ranked high (>70%), medium (68-70%), or low (<68%); ADF content ranked high (>30%), medium (28-30%), or low (<28%); ADL content ranked high (>6.0%), medium (4.5-6.0%), or low (<4.5%) b LC = Leaf/stem coarseness based on ratings over 3 years, Tifton, GA 2003-2005 (1, very fine; 5, very coarse)
c Genetic clusters as determined by AFLPs [10] d Entries from breeder's plots 50 g/l glucose, which was cultured at 35ºC and 200 rpm for an additional 18 h prior to being concentrated by centrifugation and resuspended to an optical density (OD) A 600 =50 in 1× diluent (8.5 g NaCl, 0.3 g anhydrous KH 2 PO 4 , 0.6 g anhydrous Na 2 HPO 4 , 0.4 g peptone per liter). The yeast was added in the fermentation culture to a final optical density (600 nm, OD) of 0.5, approximately 0.11 ml per bottle. Bottles were incubated at 35ºC and mixed at 150 rpm. Bottles were fitted with septum-lined caps and vented with inserted needles for CO 2 exhaust. After 72 h, fermentations were analyzed for sugars, ethanol, and acids using a SpectraSYSTEM liquid chromatography system (Thermo Finnigan, San Jose, CA, USA) equipped with an organic acids column (Aminex HPX-87H Column, 300×7.8 mm, Bio-Rad Laboratories, Inc, Hercules, CA, USA) and a refractive index detector (RI-150, Thermo Finnigan). All sugar release results were reported on a hydrated basis. Theoretical total ethanol yields were calculated as the sum of observed ethanol production from SSF and assumed 100% conversion of released pentose sugars (pentose sugar×0.51).
Net Normalized Gas Production from In Vitro Ruminal Fermentation (NNG)
The 50 Bermuda grass samples were analyzed for fermentability using an in vitro ruminal gas production assay as described by Weimer et al. [40] The ruminal inoculum was obtained from two lactating, ruminally fistulated Holstein cows that received a once-daily total mixed ration (TMR) of 30% corn grain, 30% alfalfa silage, 30% corn silage, 10% soybean meal, plus supplemental vitamins and minerals. In addition, each cow was given approximately 1 kg of mixed grass hay (containing both C3 and C4 species) prior to daily TMR feeding. Details for preparation of the composited ruminal inoculum have been described previously [40] . Fermentations were conducted in sealed volume-calibrated vials (nominal volume 60 ml), as described previously, with gas production at 24 and 96 h used as a measure of biodegradability of substrate [40] . Fermentations were conducted over the course of three separate runs, each with a single replicate of each sample. Net gas production values at 24 and 96 h, calculated from headspace gas pressure measured with a digital pressure gauge, were calculated on a per gram dry substrate basis after subtraction of the average gas production from six blank vials. To correct for slight differences in the characteristics of the ruminal inocula across runs, the gas production values were adjusted to net normalized gas production (NNG) across individual runs to yield values for net normalized gas production at 24 h (NNG24) and at 96 h (NNG96); normalizations were conducted using a ratio of net gas production in triplicate standard samples (Coastal Bermuda grass) within a particular run, divided by the mean net gas production in standard samples across all runs. For the three runs, these ratios were 0.974, 0.962, and 1.071 at 24 h and 0.975, 1.034, and 0.993 at 96 h.
Total Carbon, Nitrogen, and Ash
Total nitrogen (N) and carbon (C) concentrations were determined for duplicate 0.5 g samples of the 50 entries at the University of Nebraska Agronomy and Horticultural Department's analytical laboratory using the LECO combustion method (Model FP 428 and FP 2000, LECO Corp., St. Joseph, MI, USA) [13, 39] . Total mineral or ash content (ASH) was measured as residual sample weight after combustion at 450°C for 16 h in a muffle furnace.
Cell Wall Analysis
Bermuda grass cell wall constituents were determined by the Uppsala Dietary Fiber Method [35] . The ground Bermuda grass samples were treated with heat-stable α-amylase at 90°C for 60 min and then with amyloglucosidase at 60°C for 3 h in 0.1 M acetate buffer, pH5, to hydrolyze starch. Soluble sugars were removed by adding sufficient 95% vol/vol ethanol to the buffer solution to reach an alcohol concentration of 80%, and the supernatant was removed after centrifugation for 15 min at 1,660×g. The crude cell wall residue that remained was subjected to a two-stage sulfuric acid hydrolysis. A solution of 12 M H 2 SO 4 was used to solubilize the cell wall polysaccharides at 30°C for 1 h, after which the reaction mixture was diluted with water to a concentration of 0.3 M H 2 SO 4 and hydrolyzed at 121°C in an autoclave for 60 min. After dilution of the first stage of the acid hydrolysis procedure, an aliquot was collected and analyzed for total UA by a colorimetric method, using glucuronic acid as the reference standard [2] . Each of the Bermuda grass samples was then filtered through a coarse Gooch crucible fitted with a glass fiber filter mat to recover the acid-insoluble residue and supernatant. The neutral sugars in the supernatant resulting from the acid hydrolysis were analyzed as their alditol acetate derivatives by GC-flame ionization detector using an SP-2380 capillary column (30 m×0.25 mm×0.2 μm film thickness, Supelco, Inc., Bellefonte, PA, USA) [35] . Lignin concentration was determined by combustion of the acidinsoluble residue in a muffle furnace overnight at 450°C. Klason lignin (KL) was calculated as the difference in weight between the acid-insoluble residue and the ash remaining after combustion. The hydroxycinnamate fractions of the Bermuda grass cell walls were also determined. After preparation of a crude cell wall residue as described above, samples were extracted with O 2 -free 2 M NaOH at 39°C for 24 h to cleave ester-linked ferulates and p-coumarates from the cell wall as described by Jung and Shalita-Jones [25] . A second set of Bermuda grass cell wall residues were treated with O 2 -free 4 M NaOH at 170°C for 2 h in a fluidized-bed sand bath to hydrolyze both ester-and ether-linked ferulates [23] . The supernatants from each set of alkali extractions were acidified to pH1.5 to 1.6 using concentrated phosphoric acid. The supernatants were then centrifuged and filtered through a 0.45-μm filter, and C 18 solid-phase extraction columns were used to remove free ferulic and p-coumaric acid residues from the acidified extracts [25] . Methanol (50% v/v) was used to elute the hydroxycinnamic acids from the extraction columns, and concentrations of ferulic and p-coumaric acids in the methanol solutions were measured by HPLC using a Spherisorb-ODS2, C 18 , 5-μm column (Waters Corp., Milford, MA, USA). The elution solvent (97.7% water/0.3% glacial acetic acid/2% butanol, v/v/v) was pumped at 1.8 ml/min, at a column temperature of 50°C, and hydroxycinnamic acids were monitored at 320 nm [20, 25] . Ester-linked hydroxycinnamate (EST) concentrations were derived from the 2 M NaOH extracts while the etherified ferulates (ETH) were calculated as the difference in ferulate concentrations between the 2 and 4 M NaOH extractions [23] .
All cell wall sugar data were converted to an anhydro basis to reflect their presence in polysaccharides. Cell wall pentose sugars were calculated as the sum of arabinose and xylose and hexose sugars as the sum of glucose, galactose, and mannose. Whereas cell wall polysaccharides were expressed as a proportion of total DM, Klason lignin (%KL) and ester-(%EST) and ether-linked (%ETH) ferulates were expressed as a percentage of total cell wall. To estimate the percent of pentose sugars released from the SSF procedure, pentose sugar released by SSF was converted to an anhydro basis and divided by the pentose sugars determined by cell wall analyses.
Data analysis was conducted using SAS software (SAS Institute Inc., Cary, NC, USA). Analyses included PROC GLM for comparisons among plant material and PROC CORR for correlations among traits. All traits were standardized for non-bias regression by subtracting entry means for each trait from the overall mean of that trait and dividing by two times the standard deviation of means [18] . Simple regressions were performed between estimates of IVDMD, ethanol production, NNG24, and NNG96. Multiple regressions were performed for IVDMD, ethanol, NNG24, and NNG96 using PROC STEPWISE options forward, backward, and max R 2 on models with variables from DFA, C and N composition, and the CWA. Correlation coefficients were considered high with r ≥ 0.75, moderate with r=0.50 to 0.75 and low with r<0.50.
Results
The 50 Bermuda grass germplasm lines selected represent a range of IVDMD, NDF, and ADF from the Bermuda grass core collection [5] . Among these germplasm lines, a wide range was observed for ethanol yields, forage, and compositional traits (Table 2) . Bermuda grass samples contained essentially no rhamnose (mean of 0.98 mg/g) or fucose (mean of 0.02 mg/g), while uronic acid (19-23 mg/g), arabinose (32-42 mg/g), mannose (8-10 mg/g), galactose (12-17 mg/g), and total percentage of carbon (43.8 -45.31%) had low variability among entries and are not reported in Tables 2 and 3 .
Pearson Correlation Coefficients
Ethanol production had a moderate positive correlation with IVDMD (r=0.55) and a negative correlation with NDF (r=−0.53; Table 3 ). However, the pentoses released by the SSF procedure had a high negative correlation with Nitrogen content (mg/g DM) 1. Table 3 ). Ethanol production yielded a higher positive correlation coefficient with NNG24 (r=0.93; Fig. 1 ) than with NNG96 (r=0.63; Fig. 2 ). Alternatively, NNG96 was a better predictor of IVDMD (r=0.73) than was NNG24 (r=0.38; Table 3 ). NNG24 (r=−0.35) and NNG96 (r = −0.46) had significant but low negative correlations with pentose sugar released from SSF. ADL, glucose from cell wall, and the hydroxycinnamates were not significantly correlated with ethanol production. There were only two traits (ash and glucose) that showed significant correlations with theoretical ethanol yield ( Table 3) . As expected, pentoses released by SSF had a high positive correlation with the percentage of pentose sugars in the cell wall as determined by the CWA (r=0.89; Table 3 ). Individually, entries with pentose levels from SSF over Table 3 Pearson correlation coefficients for in vitro dry matter digestibility, DFA, ash, and CWA with ethanol production, pentose release by simultaneous saccharification and fermentation, theoretical ethanol yield, and in vitro gas production (NNG24, NNG96) 200 mg/g had high NDF and xylose levels from the CWA procedure. Although NDF is comprised of hemicellulose, cellulose, and lignin, it appears that, within these diverse Bermuda grass accessions, hemicellulose (NDF minus ADF) had the greatest influence on NDF and in turn on reduction of IVDMD and ethanol production from glucanconverting yeasts. Klason lignin had moderate negative correlations with NNG24 (r=−0.52), NNG96 (r=−0.70), and ethanol production (r=−0.45). Interestingly, pentose sugars in the cell wall had a negative correlation with ethanol production (r=−0.60) whereas glucose was not significantly correlated with ethanol yield (Table 3) .
Multiple-Regression Analysis
NDF concentration was the greatest individual contributor to variation among entries for ethanol when all dry matter components were included in the multiple-regression model (Table 4) , and this was confirmed when regressing only DFA and ash components on ethanol production. Backward selection eliminated all variables except NDF and hexose sugars. Pentose sugars, Klason lignin, and total cell wall were highly significant factors negatively influencing ethanol production in the regression analysis including only CWA and ash components. Ash was a significant factor in the DFAbased regression, whereas it was not significant in the CWA regression. This is not surprising because NDF and ADF as measured included ash whereas all the CWA components were ash free. Because ash cannot be fermented, it dilutes fermentable hexose concentration and reduces the potential ethanol yield. The CWA components (pentose sugars, Klason lignin) are comparable to the negative effects on ethanol production by NDF and estimated hemicellulose of the DFA model (Table 4 ). Over 95% of the variation in pentose release via SSF was accounted for by the full regression model (Table 5 ). In this case, cell wall components measured by CWA explained greater amounts of variation (R 2 =0.86) than DFA (R 2 =0.65). Total cell wall, pentose sugar from CWA, and nitrogen content were highly significant parameters in both forward and backward selection in the full model.
The theoretical ethanol production from combining experimentally measured ethanol production plus ethanol expected from complete conversion of pentoses to ethanol was most positively correlated with NNG24 (r=0.84) where ethanol production contributed the majority of the variation (r=0.75). The full component multiple-regression model, with all variables included, did not explain the variation in the theoretical ethanol production (R 2 =0.27) and was not correlated with the individual cell wall components (Table 3) . In this case, the components that negatively contributed to hexose release and subsequent conversion to ethanol were offset by the positive influence on release of pentose sugars.
The regression of all cell wall components on IVDMD resulted in an R 2 of 0.94 (Table 6) . Percentages of NDF, hemicellulose, cellulose, and ADL showed negative regression coefficients for IVDMD. Also, nitrogen content of the dry matter had a highly significant positive effect on IVDMD but not on ethanol production.
Discussion
In a previous study, ethanol yields from midmaturity Bermuda grass were superior to those from immature napier grass and giant reed [9] . Stem material from the tall napier grass and giant reed was more recalcitrant than were those from their leaves. However, stems and leaves of Tifton 85 Bermuda grass produced equal amounts of ethanol. Subsequently, leaves and stems were combined for this study.
The NNG24 for Bermuda grass in this study was lower than was found in previous studies for eastern gama grass, a Only parameters with probability of p<0.1 are included in the model big bluestem, sand bluestem, and switchgrass [40, 41] . Though NNG24 was a better predictor of final ethanol production among Bermuda grass entries in our study, the overall higher NNG96 for Bermuda grass versus the levels of other C4 grasses in previous studies may be a better indicator for conversion at the biorefinery as it represents a more complete extent of fermentation.
Digestibility Versus Ethanol Production
Cellulases and related enzymes are used in converting cellulosic biomass into fuel ethanol. Microbes within the rumen use similar enzymes to digest biomass, the extent of which is measured using the IVDMD method. The very high positive correlation (r=0.93) between SSF ethanol yields and 24-h in vitro gas production (NNG24) is in accord with the reported use of the latter method as a strong predictor of ethanol production by SSF [40] . In that report, a strong correlation was observed between SSF ethanol and in vitro gas production from ground, but chemically untreated, eastern gama grass and big bluestem. Our observation of a strong correlation between NNG24 from untreated Bermuda grass samples and SSF ethanol yield from samples pretreated by dilute acid hydrolysis further extends the utility of the net normalized in vitro ruminal gas production system as a rapid screening method for ethanol conversion potential. The strong correlation further suggests that conversion of available sugars by the cellulases of SSF after 72 h was similar to the conversion rates of sugars by ruminal microbes after 24 h. This may be attributed to some extent to the relative amount of hexoses available for fermentation. However, the hexose sugar composition of the cell wall measured by CWA, which is predominately glucose, did not correlate with ethanol production. This could be explained by the fact that the SSF assay directly measures ethanol yield from hexoses liberated from total biomass under low-severity pretreatment conditions minus the effects of enzyme and fermentation inhibitors. The SSF assay does not measure the extent of cellulose conversion to glucose because of the presence of soluble (non-cellwall) sugars (e.g., fructose and glucose) and the effect of inhibitors, and it is possible that the fraction of cellulose more readily converted to glucose following a low-severity pretreatment is not directly proportional to cellulose content across the whole population. This was observed in a study that included switchgrass samples at different maturity levels. The postfrost samples were richer in cellulose content than the samples at anthesis, but both gave the same glucose yields [17] .
Analysis of Cell Wall Components
Of the two methods that were used to determine compositional traits of Bermuda grass, the Uppsala method is more accurate in terms of identifying cell wall components (i.e., lignin, hemicelluloses, and cellulose). However, the detergent method remains the mainstay for determining forage quality, and therefore, numerous past studies are available. Neutral detergent fiber is often used as an estimate of total cell wall fiber which includes hemicellulose, cellulose, and lignin. However, recently, Casler and Hatfield [16] found that bromegrass lines that were selected for divergent NDF were in fact not different for actual cell wall concentration or composition. There was a significant positive correlation (r=0.85) in this study between NDF and cell wall (data not shown). However, hemicellulose calculated from the difference between NDF and ADF and cellulose calculated from the difference between ADF and ADL are inaccurate due to hemicellulosic residues retained in the ADF fraction [31] . In this study, neither pentose sugars from CWA nor pentose release from SSF correlated with estimates of hemicellulose (primarily pentose sugars) from DFA. However, cellulose estimates from DFA did correlate with hexose sugars from CWA (r=0.71). Also, it has been demonstrated that ADL is an underestimation of lignin content [22, 26] . Klason lignin and ADL had a moderate positive correlation in this study (r=0.56). DFA remains the predominant method for determination of fiber due to the extra cost and time required for CWA.
Role of Cell Wall Components to Recalcitrance
Both high fiber and high lignin content are often associated with reduction in conversion to ethanol or for IVDMD. Early studies of brown midrib corn and sorghum indicated negative correlations between digestibility and both lignin and fiber contents [19, 32] . However, studies have shown that high fiber is not always negatively correlated with IVDMD in Bermuda grass. Tifton 85 Bermuda grass, for example, has been shown to have very high digestibility and high NDF [29] . Tifton 85 and a plant accession (PI 291614) with high ethanol production in this study had NDF comparable to Coastal (Table 2) . Although NDF was only moderately correlated with ethanol production (Fig. 1) , variation in NDF accounted for a major portion of the R 2 of multiple regressions on both ethanol production and IVDMD in this study (Tables 4 and 6 ). Supporting this was the observation that a significant portion of the variation in the CWA model of IVDMD was explained by the total cell wall (Table 6 ). Alternatively, Klason lignin had low correlation coefficients to most measures of degradability (Table 3 ) and made only minor contributions to multiple regressions (Table 4) for ethanol production. ADL had a more significant contribution to the IVDMD full model ( Table 6 ). The lignin concentration of Bermuda grass is lower than many of the bunch grasses such as switchgrass [17] and napier grass [9] and may not be a useful target for genetic improvement of degradability.
The reduced recalcitrance of Tifton 85 to digestion has been attributed to reduced levels of indigestible ferulate ester/ether cross linkages between arabinoxylan and lignin [29] . However, the ester-linked and ether-linked ferulate concentrations for Tifton 85 were among the highest (Table 2) of the 50 entries, and no trend was observed between the ferulates and ethanol production. Additionally, ferulates only contributed a small amount to the variation in both ethanol production and IVDMD (Tables 4 and 6 ). This is most likely due to multiple mechanisms involved in recalcitrance among Bermuda grass germplasm. Studies on digested nonlignified cell walls indicated that the highly digestible Coastcross 1 (CC 1) had identical structure in the recalcitrant mestome sheath cells to those in less-digestible Coastal Bermuda grass but had reduced levels of hydroxycinnamic acid ester linkages in the parenchyma bundle sheath cells [7] . Results from the current study indicated that entries CC 2 and CC 3, which are very closely related to CC 1, had low concentrations of both ester and ether-linked hydroxycinnamates ( Table 2) .
Effects of Cell Wall Components on Ethanol Yields
Although glucose levels were not significantly correlated with ethanol yields, glucose content was an important trait in multiple-regression models ( Table 4 ). As glucose is the primary fermentation substrate for the yeast, high glucose levels are desirable for maximum ethanol yield. There was also no direct relationship between glucose concentration and ethanol yield in stover among various maize varieties with diverse stover composition and digestibility [28] . Their estimate of convertibility (percentage of measured glucose converted to ethanol) was negatively correlated with ADL and Klason lignin. However, when convertibility and glucose concentrations were combined, regression coefficients were improved. The authors' conclusions were that improvements in ethanol yield occur primarily from improved cell wall degradation and conversion and then greater structural carbohydrate content once convertibility is improved and controlled.
There are indications from our data that perhaps the hemicellulose portion of the cell wall plays a greater role in reducing ethanol production. Pentose sugar concentration was negatively correlated with ethanol production ( Table 3) and was the predominant factor in multipleregression models for ethanol production with CWA (Table 4) . Hemicellulose can inhibit cellulose conversion into glucose by cellulase via two mechanisms. First, hemicelluloses block access to the cellulose fibers. As such, good extraction efficiency of hemicellulose from the cell wall matrix by the pretreatment is beneficial for cellulose conversion [42] . Secondarily, solubilized carbohydrates originating from xylan are inhibitory to cellulases [27] . Xylose is also inhibitory to β-glucosidase but less so than are xylan oligomers. Fermentation inhibitors include 5-hydroxymethylfurfural (from fructose and glucose degradation), furfural (from arabinose and xylose degradation), and organic acids released from hemicellulose side chains. Therefore, the negative correlation observed between hemicellulose components and ethanol yield is not unreasonable. The average percentage of the total pentose sugars released by dilute acid pretreatment and SSF was 75% and ranged between 65% and 84% (data not shown). However, there was no significant correlation between the percent pentose sugars released and ethanol yield or between pentose release and lignin concentration. This would imply that lignin does not impact the efficiency of hemicellulose hydrolysis by the acid pretreatment. Nitrogen content of the forage did not affect ethanol production from SSF. This is not surprising as SSF fermentations were conducted using a standard basal medium, containing yeast extract (10 g/l) and peptone (20 g/l), which are very rich in usable nitrogen. Furthermore, S. cerevisiae is not proteolytic and unable to hydrolyze protein into useable free amino nitrogen [24] . Also, nitrogen content had no effect on in vitro gas production from NNG24 or NNG96 (data not shown). By contrast, nitrogen content of the forage had a major effect on variability of IVDMD. These data are consistent with reports that increased nitrogen uptake by Bermuda grass has also increased IVDMD [11] . The IVDMD procedure used in this study was adapted from Tilley and Terry [36] and included only 0.5 g/l urea as nitrogen source, while the NNG method [40] used NH 4 HCO 3 (0.8 g/l) and trypticase (2 g/l). Cows from which ruminal fluid was collected for NNG were fed higher protein TMR diets, while cows sampled for IVDMD analyses were fed grass continuously. Under the latter condition, it is possible that the microflora responded positively to the differential amounts of N in the Bermuda grass forage.
Conclusions
Our hypothesis prior to this study was that there would be a strong correlation between ethanol production and ruminal digestibility. There was a positive relationship, but the correlation was weak. However, when the Bermuda grass accessions were tested with the in vitro ruminal gas measurement system (which determines NNG production), the relationship between ethanol production and in vitro gas production after 24 h was very strong. The results herein support the notion that both the ruminal microbes that contribute to NNG24 and the yeast (Saccharomyces cerevisiae D5A) that produce ethanol in the SSF assay easily converted hexose sugars initially. Conversion of the biomass to ethanol was independent of hexose concentration (as measured by CWA), which was not unexpected because a low-severity pretreatment had been chosen to magnify structural as opposed to compositional differences among the samples. These results are consistent with results from the corn stover experiment [28] . Alternatively, increased xylan content had a substantial negative effect on ethanol production. As Saccharomyces does not ferment pentose sugars, the effect would have to be indirect, possibly due to xylan (retained through the pretreatment) that hinders access to the cellulose and/or to hydrolyzed hemicellulose products that directly inhibited the cellulases. As the NNG system was allowed to progress to 96 h, some of the xylans were digested and resulted in much higher correlations with the IVDMD procedure. When screening large numbers of samples, the in vitro gas production procedure (which is conducted under nonaseptic conditions) measured after 24 h would be recommended for the purpose of estimating ethanol production from hexoses and, to a lesser extent, for overall theoretical ethanol yields. Ethanol and pentose releases were influenced by many of the cell wall components but were best explained by the total cell wall or NDF present in the dry matter. This study as well as the recent study on corn stover [28] indicates that cell wall components associated with NDF have a major effect on the ability to convert biomass to ethanol via enzymatic hydrolysis and fermentation.
